Life-table analysis yielded demographic parameter values that indicate that Tenebrio molitor (L.) pupae are potentially more suitable factitious prey to mass-produce the predator Podisus maculiventris (Say) and are more suitable prey than the larvae. P. maculiventris developed faster (23.2 vs. 25.5 d), weighed more (females 80.9 vs. 66.6 mg and males 64.7 vs. 53.7 mg), and had a higher survival rate (0.88 vs. 0.7), fecundity, and reproductive output (87.1 vs. 22.8 eggs/female) when reared on pupae compared with larvae of T. molitor. The total protein content and soluble protein content were significantly higher in pupae (60.2 and 23%, respectively) than larvae (53.1 and 14.4%, respectively). Lipid content was significantly lower in pupae (32.1%) than larvae (35.9%), and larvae had more polyunsaturated fatty acids (83.6 vs. 56.6 mg/g) and less oleic (0.1 mg/g) and steric (6.1 mg/g) acids than pupae (37.3 and 12.3 mg/g, respectively). The total sugar content was not significantly different between pupae and larvae. However, larvae had significantly more fructose than pupae, but pupae had more galactose, glucosamine, glucose, mannose, and trehalose than larvae. Differences in nutritional composition and its impact on predator demographic parameters are potential factors that make the pupal stage a better food source.
Mass-rearing heteropteran predators for biological control requires the optimization of many parameters. Among these is the selection of prey species presented as food. Although many predatory heteropterans are polyphagous, i.e., having several natural prey species, there may be large variations in the nutritional quality of the different prey species (De Clercq et al. 2014 ). Natural prey is commonly used when determining predator life-history traits. Yet, in some cases, factitious prey and artificial diets have been found to yield better life-history results (De Clercq et al. 2014 ). In addition, it is often desirable to substitute prey that are more cost-effective to rear for natural prey species when mass-rearing beneficial predators to lower the cost and improve the ease of production. It is possible for factitious prey to be both more cost-effective and more nutritious as a food source for some predatory heteropterans (De Clercq et al. 2014) . Consequently, considerable effort has gone into testing various prey species for use in rearing predatory insects for biological control applications (Saint-Cyr and Cloutier 1996; De Clercq et al.1998; Zanuncio et al. 2001 Zanuncio et al. , 2005 Zanuncio et al. , 2011 Costello et al. 2002; Lemos et al. 2003; Legaspi and Legaspi 2004) .
Stinkbugs in the genus Podisus are polyphagous and have been reared on larval or pupal forms of dipteran, coleopteran, hymenopteran, and lepidopteran hosts (De Clercq et al. 2014 ) with varying results. As an example, weight and fecundity of Podisus nigrispinus (Dallas) reared with one prey species [either pupae of the yellow mealworm (Tenebrio molitor L.) or larvae of the housefly (Musca domestica L.)] were compared with P. nigrispinus reared with both prey species (Zanuncio et al. 2001) . The authors found that P. nigrispinus weight gain was highest with yellow mealworm pupae, but that fecundity was best on the mixed prey species diet. This is a good example of how choice of different prey species can influence different life-history parameters. Factitious prey species, or combinations thereof, may actually be superior in dietary qualities to prey species routinely encountered by predatory insects in their natural environments. Consequently, it is helpful to know what attributes are most important when selecting prey for mass-rearing of predators.
The North American predatory species, Podisus maculiventris (Say), has been continuously reared on larvae of lepidopteran species, including Helicoverpa zea (Boddie) (Warren and Wallis 1971) , Pseudoplusia includens (Walker) (Orr et al. 1986 ), Spodoptera spp. (De Clercq and Degheele 1993) , Trichoplusia ni (Hü bner) (Lepidoptera: Noctuidae) (Biever and Chauvin 1992, Wittmeyer and Coudron 2001) , and Heliothis virescens (F.) (Pfannenstiel et al. 1995) . Nymphs of P. maculiventris developed faster on pupae of the yellow mealworm than on larvae of the yellow mealworm or larvae of the greater wax moth, Galleria mellonella (L.) (Lepidoptera: Pyralidae) (De Clercq et al. 1998) . However, the fecundity of the resulting P. maculiventris females reared on wax moth larvae was nearly twice that of those reared on pupae of the yellow mealworm. Adult P. maculiventris preferred larvae of the beet armyworm, Spodoptera exigua (Hü bner) (Lepidoptera: Noctuidae), over larvae of the fall armyworm, Spodoptera frugiperda (J.E. Smith) (Lepidoptera: Noctuidae), T. ni, G. mellonella, or T. molitor. However, the highest fertility (viable eggs oviposited) was achieved with T. ni larvae (Legaspi and Legaspi, 2004) .
The observed selection preferences and performance differences raise interesting questions concerning the nutritional distinctions among host species. Further, the life-history performance differences when reared on different developmental stages of the same insect prey introduce the hypothesis that nutritional differences exist between life stages (larvae vs. pupae) of the same prey insect as well as among different prey species. Several studies have explored the nutritional impact of adding specific prey tissues or tissue extracts to the predator's diet to determine whether developmental performance was improved (c.f. Morales-Ramos et al., 2014) . However, identification of the critical dietary components derived from the host tissues or extracts has been elusive with this approach. This may be due in part to the search for one or few compounds when the most nutritious source may contain a critical combination and ratio of several components. Hence, a more precise approach may be to compare the biochemical composition (e.g., protein, lipid, sugars) of candidate prey species.
Nutritional analyses of several insects used as prey species to rear predatory heteropteran insects have already been conducted. This information has been used to assist in the formulation of artificial diets (Rojas et al. 1996 (Rojas et al. , 2000 Fercovich et al. 1999; Reeve et al. 2003) . There are also two instances where this information has been used when comparing the performance of a predator reared on different host insects. A carcass analysis of the predatory lady beetle Harmonia axyridis Pallas (Coleoptera: Coccinellidae) and its natural prey, the aphid Acyrthosiphon pisum (Harris) (Hemiptera: Aphididae), and factitious prey, Ephestia kuehniella (Zeller) (Lepidoptera: Pyralidae) eggs, revealed differences in the biochemical composition of the predator when reared on the two different prey species (Specty et al. 2003) . In particular, both protein and lipid content were lower when reared on aphids compared with E. kuehniella eggs. In another study, the essential fatty acids and amino acids in the carcass of the predatory mirid bug, Dicyphus tamaninii Wagner (Heteroptera: Miridae), were lower when the predator was reared on an artificial diet as compared with those reared on their natural prey (Zapata et al. 2005) .
Several reports cited previously indicated a performance difference for P. maculiventris when reared on larvae compared with pupae of the yellow mealworm. In this report, we compared the performance of our P. maculiventris colony on separate life stages of T. molitor and compared that performance with the biochemical composition of the larval and pupal prey. Performance of P. maculiventris was evaluated by comparing biological parameters, including immature survival, developmental time, adult weight of males and females, fecundity, egg viability (% hatch), as well as demographic parameters, such as net reproductive rate Ro, intrinsic increase rate r m , and doubling time (in days). This approach correlates fitness of mass-reared P. maculiventris to the biochemical and nutritional makeup of the life stages provided as prey.
Materials and Methods

Rearing Procedures
The colony of T. molitor was established with stock provided by Southeastern Insectaries, Perry, GA, which had been maintained on a diet of 95% wheat bran and 5% dried potato. T. molitor was reared by using the methods described by Morales-Ramos et al. (2012) . Larvae were fed with a mix of 95% wheat bran (product No. 1580B25, Bob's Red Mill Natural Foods, Milwaukie, OR) and 5% dry potato (product No. 12836, Bulk Foods, Toledo, OH) . Adults were provided with 95% wheat bran and 5% of a food supplement comprising dry potato, dry egg white, soy protein, and peanut oil (83:13:2:2 ratios), as described by Morales-Ramos et al. (2013) .
The laboratory colony of P. maculiventris originated from field collections by using pheromone traps in Stoneville, MS, during spring and summer of 2010. Before this study, P. maculiventris had been maintained in culture for 3 years exclusively on T. molitor. Pupae of T. molitor were provided to P. maculiventris nymphs and late-instar larvae were provided to the adult predators, except when a surplus of pupae existed. Adults were kept in clear plastic boxes (318 [length] by 255 [width] by 100 [height] mm; product 395C, Pioneer Plastics Inc., North Dixon, KY) modified with screened windows and water-holding niches with saturated polyacrylamide crystals on the cover, as described by Rojas and Morales-Ramos (2014) . Eggs for reproduction were collected by using oviposition devices constructed from the covers of four small petri dishes (10 by 35 mm diameter; Falcon 35-1008, Becton Dickinson Co., Franklin Lakes, NJ), with nylon screens (standard No. 40, 380 mm) replacing the surface of the lids. The four screened dishes were glued together in an approximate 28
angle to the center, simulating a shelter (Fig. 1A ).
Oviposition chambers with eggs ( Fig. 1B) (Fig. 1E ), but modified with openings at the bottom (Fig. 1C) to receive the boxes with early instars (Fig. 1D ).
Experimental Design
Eggs were collected from the laboratory colony by exposing eight paper sheets (Kimwipes
, Kimberly-Clark, LLC, Roswell, GA) to 200 adults (1:1 sex ratio) for 24 h at the conditions described previously. Eggs were detached from the paper sheets and placed in a petri dish. In total, 800 eggs were randomly selected and divided in two groups of 400 eggs each (larvae and pupae treatments). Eggs were placed in groups of 100 inside square boxes, as described previously, until first instars hatched. The first 300 first instars to hatch per treatment were transferred to new boxes in groups of 25 individuals and provided with water-saturated crystals and transferred to an environmental chamber at 26 C, 75% RH, and a photoperiod of 14:10 (L:D) h. First instars were not provided prey treatments, which started at the second instar when they first feed. Second instars reared on larvae were fed daily with 20 T. molitor larvae of the fifth to eighth instars, which were small enough to be handled by the P. maculiventris second instars. Nymphs reared on pupae were provided daily with one T. molitor pupa. Groups were maintained at the conditions described previously until nymphs reached the third instar. To prevent cannibalism, third-instar P. maculiventris were moved to petri dishes (15 by 60 mm; Falcon 35-1007, Becton Dickinson Co., Franklin Lakes, NJ) and reared individually until they reached the adult stage. Nymphs of the third instar and older that were reared on larvae were fed T. molitor 12th instars or older. Nymphs were monitored and fed daily (by replacing partially or completely consumed prey) and mortality and development time were recorded for both treatments. Adult P. maculiventris were sexed, based on the sexual dimorphism of external genitalia, and weighed before being paired and transferred to larger petri dishes (20 by 60 mm; Fisher 0875710M, Fisher Scientific Co. LLC, Horizon Ridge, CT). The number of adult pairs was dependent on the number of females that completed development in each treatment. Pairs were provided water from saturated polyacrylamide crystals, two squares (55 by 55 mm) of tissue paper for oviposition, and prey consisting of one T. molitor either larva or pupa depending on the treatment group. Partially or completely consumed prey was replaced daily by fresh prey of the corresponding treatment. The paper squares were replaced daily and the eggs counted and recorded for the life span of the females (a maximum of 37 d in this study). Eggs were allowed to hatch to determine viability for both treatments.
Data Analysis of Biological and Demographic Parameters
Biological parameters and demographic parameters of P. maculiventris were compared between treatment groups fed exclusively on larvae or pupae of T. molitor. For biological parameters, data consisted of 1) post-embryonic development time in days (surviving individuals from 300 first instars per treatment to adult stage), 2) adult female weight in milligrams (from adults completing development), and 3) number of eggs oviposited per female (from 85 and 88 females from pupa and larva treatments, respectively). The data from each parameter were analyzed by using one-way analysis of variance (ANOVA) and means were compared by using Student's ttest at a ¼ 0.05 using JMP version 11 software (SAS Institute 2013).
Data for each parameter were tested for normal distribution by using the Shapiro-Wilk W test of JMP (SAS Institute 2013). In the case of development time, deviations in normality originated from continuous information (for instance, time in seconds) being taken in a discrete way (at 24-h intervals or once a day). The impact of deviations from normality in this case was minimized by taking large number of observations per treatment, thereby reducing the coefficient of variation (CV) of the treatment means. The data of total oviposition per female were substantially more skewed and required a transformation (H(Y/2)) in addition to the use of a large data set before ANOVA. If the analysis conclusions differed between transformed and un-transformed data, then the CV value of transformed versus un-transformed data was compared to determine if the transformation improved the model. Immature survival (proportion to reach adult stage from 300 first instars per treatment) and egg viability (percentage hatched from 1,000 eggs per treatment) were compared by using the Z test for unequal sample sizes (Zar 1999) .
Interactions among biological parameters were studied by using the life-and fertility-table analysis to determine their overall impact on the demographic parameters. Life tables were constructed using immature survival, development time (embryonic and post-embryonic), egg viability, and age -dependent fecundity data and recorded (Portilla et al. 2014 ) and used to calculate demographic parameters. Although life tables were generated from a single cohort (complete cohort), the construction was closer to abridged cohort-type life tables because the total immature survival was used as the starting point for adult L x calculation, assuming M x values of "0" for all immature, instead of using a continuous L x and M x calculation from egg to the end of adult life. The demographic parameters net reproductive rate (Ro), generation time (G), intrinsic rate of increase (r m ), and doubling time (DM) were calculated by using the methods described by Carey (1993) . Statistical comparison of demographic parameters were performed by using the jackknife method (Manly 1997 ) to obtain multiple estimates of the parameters, as described by Maia et al. (2000) .
Nutrient Analysis
Total lipid content of T. molitor prey was determined from newly molted larvae of between the 12th to the 16th instar and 4-day-old pupae, which were freeze-dried (Freezone 12 Plus, Labconco Corp., Kansas City, MO) for a period of 48 h at À30 C and 0.021 mBar. Newly molted larvae were used to minimize confusion on the insect nutrient content analysis with potential gut content material. Dry samples were ground separately by using a manual mortar. Samples (500 mg) of ground larvae and pupae were singly weighed into 20-ml glass scintillation vials and 3 ml of methanol:chloroform (2:1 ratio) was added to each vial. The vials were capped and placed under a hood at room temperature for 1 h. Each sample was then passed through a Pasteur pipette previously packed with 700 mg glass wool-silane-treated (Part No. No. 2-0410, Supelco, Bellefonte, PA) and decanted into a second clean, pre-weighed (Model AB104-S Mettler Toledo precision balance, Fisher Sci. Suwanee, GA) scintillation vial. Each original vial was washed three times with 2 ml of the methanol:chloroform mix and filtered through corresponding packed Pasteur pipette. Once all the washes were collected, the vials with soluble extracts were placed on a hot plate set at 50 C for drying under a gentle nitrogen stream. When most of the solvent in each sample was evaporated, the vials were placed into a vacuum oven at 35 C at À200 mBar for 24 h to dry. After drying, vials were removed from the oven and securely capped with their corresponding lids and allowed to cool to room temperature. Finally, vials were weighed and the mean total percent oil content was calculated. Five repetitions, each from a different insect, were done per T. molitor stage.
Total protein content in 3 mg of freeze-dried material (for both ground larvae and pupae as in lipid analysis) was determined by using an element analyzer (Model 2499 Series II, CHNS/O Perkin Elmer, Waltham, MA). Five replicates per T. molitor stage were done. Total protein (i.e., amino acids and other nitrogenous compounds) content of each sample was estimated from the total nitrogen content by using a conversion factor of 6.25 (Mariotti et al. 2008) .
To determine the soluble protein, 280 mg from fresh homogenized samples of larvae and pupae was individually weighed (PB303-S Mettler Toledo, Fisher Sci., Suwanee, GA) and then transferred into 2-ml plastic microcentrifuge tubes. Samples were diluted to a 1:10 concentration with an aqueous 0.9% sodium chloride solution (P. No. S-5886, Sigma-Aldrich, Saint Louis, MO), and mixed by using a tissue homogenizer (Model 985-370, Biospec Products, Inc., Daigger, Vernon Hills, IL). Samples were centrifuged (Model No. 5410, Eppendorf, Fisher Scientific, Suwanee, GA) at 14,000 rpm for 15 min. A 10-ml aliquot of each supernatant was further diluted with the above solvent mixture to a final 1:100 dilution. Samples were processed using the detergent-compatible protein assay of Bio-Rad (P. No. 500-0116, Bio-Rad, Hercules, CA) based on the reaction of protein with alkaline copper tartrate solution and Folin regent (Lowry et al. 1951 , Peterson 1979 . Fifty microliters of each sample was pipetted into 15.0 by 1.0-cm glass tubes; afterwards, 250 ml of reagent A (Bio-Rad kit mentioned previously) was added to each tube and homogenized for 1 min by using a Thermolyne, Maxi Mix II (Model M37615, Barnstead/Thermolyne, Dubuque, IA). Then, 2 ml of reagent B (Bio-Rad kit) was added to each tube and thoroughly mixed as above. Tubes with samples were allowed to react for 15 min at room temperature. Reference samples were prepared by using 50 ml of 0.9% sodium chloride and treated in the same way as T. molitor samples. Samples were then transferred to 2.5-ml square disposable optical cells (P. No. FX805A, Daigger, Vernon Hills, IL) and their absorbance at 750 nm was read against the reference sample (Bio-Rad Kit), by using a PC scanning spectrometer, UV-VIS Auto Dual Spectrum (Model 2700, Labomed Inc. Culver City, CA). Percent protein was calculated on the basis of the UV light absorbance response of standard proteins (provided with BioRad Kit). Variations of soluble protein content with T. molitor age were studied in more detail than the content of the other nutrients. As sequential instar determination in T. molitor is uncertain owing to their developmental plasticity (Morales-Ramos et al. 2010), the method proposed by Morales-Ramos et al. (2015) of instar prior to pupation (P-I) based on head capsule and body weight measurements was used for instar determination. Ten replications originating from different individuals of each, P-7, P-5, and P-1 larvae, where "P-7,P-5, and P-1" represent 7, 5, and 1 instars prior to pupation (Morales-Ramos et al. 2015) , and 2-, 5-, and 7-d-old pupae, were done.
Sugar content of T. molitor larvae and pupae from freeze-dried specimens, processed as described previously for lipid analysis, were analyzed by ion chromatography using a Dionex DX 500 system equipped with an auto sampler, LC30 oven, microbore gradient pump, eluent generator, electrochemical detector, and Chromeleon software Ver. 6.8. Samples adjusted by comparable weight were diluted 1:10 with milli-Q water and 5-ml samples were individually analyzed by using IonPac, AS11-HC (P. No. 052961) for anion and CarboPac (P. No. 057180) for carbohydrates. All specified parameters were followed as described by the manufacturer. Five repetitions from analyses on different individuals from each treatment were done. Identification of the sample peaks was accomplished by comparing their retention times with those of a standard solution. The standard solution was prepared by mixing precision measures of 50 mg of each of the following sugars: glucosamine (Sigma-Aldrich, G4875, Allentown, PA), glucose (Sigma-Aldrich, G7021), fructose (Sigma-Aldrich, F3510), galactose (Sigma-Aldrich, G0750), mannose (Sigma-Aldrich, M6020), fucose (Sigma-Aldrich, F2252), and arabinose (Sigma-Aldrich, A3256), and 5 mg of trehalose (SigmaAldrich, PHR1344), in 100 ml of milli-Q water. Only one-tenth of trehalose was added to the standard solutions because of the higher sensitivity of the instrument to this particular sugar. The content in parts per million (ppm) for each compound was calculated by using MS-Excel 2013 and compared with sugar standards consisting of glucosamine, glucose, fructose, galactose, mannose, trehalose, fucose, and arabinose.
The total protein, lipid, and sugar contents obtained from five larvae and five pupae were statistically analyzed by using one-way ANOVA and means were compared by using Student's t-test. Soluble protein was analyzed the same way, but by using 10 observations per developmental stage. Data were tested for normal distribution by using the Shapiro-Wilk W test. Data did not fail normality tests in this case. (Table 1) demonstrated that P. maculiventris fed T. molitor pupae had 18% higher immature survival, developed significantly faster by 1.3 d, produced 382% more progeny per female, and their female adult weight was 120% greater than those feeding on T. molitor larvae (Table 1) . Analysis of transformed fecundity data did not yield different conclusions, so the un-transformed data analysis was used in Table 1 . Egg viability and embryonic development time were not significantly different from females reared on T. molitor larvae or pupae. Adult female longevity was 16.4 6 8.6 d when fed on pupae and 14.12 6 8.8 d when fed on larvae of T. molitor.
Results
Calculation of the biological parameters
Demographic parameters demonstrated that the reproductive output of P. maculiventris was markedly diminished in the group fed on larvae (Table 2) . Age-dependent fecundity function L x M x , which is the number of reproductively viable female progeny produced per female per day at age "x," was 5.1-fold higher in the pupae-fed group (Fig. 2) . The net reproductive rate (Ro, female progeny per female) was nearly six times higher in P. maculiventris females fed pupae as compared with those fed larvae ( Table 2 ). The overall fitness of P. maculiventris was higher in the group feeding on pupae as measured by the 2.6-fold higher intrinsic rate of increase r m . The doubling time was significantly shorter in pupal-fed P. maculiventris (8.46 6 0.08 d) when compared with those fed on larvae (21.46 6 0.61 d). Generation time (G) was 3 d longer in P. maculiventris fed with larvae as compared with those fed on pupae, and this difference was statistically significant (Table 2) .
Nutrient Analysis
The content of total protein was significantly (7%) higher in pupae than in larvae of T. molitor (Table 3) . Pupae also had a significantly higher (by 8.6%) content of soluble protein when compared with larvae. Soluble protein content did not change among larvae of different ages, but it did increase with the age of the pupae (Table 4) . Young pupae ( 2d) and larvae of all ages did not differ significantly in the content of soluble protein (Table 4) .
The lipid content was significantly (by 3.7%) higher in larvae than in pupae (Table 3 ). In addition, fatty acid profiles differed significantly between larvae and pupae (Fig. 3) . Polyunsaturated fatty acids like linolenic and arachidonic acids were significantly more abundant in larvae (F ¼ 27.18, df 1 ¼ 1, df 2 ¼ 19, P < 0.0001, and F ¼ 13.05, df 1 ¼ 1, df 2 ¼ 19, P ¼ 0.0019, respectively), but oleic and steric acids were significantly more abundant in pupae (F ¼ 101.47, df 1 ¼ 1, df 2 ¼ 19, P < 0.0001, and F ¼ 11.29, df 1 ¼ 1, df 2 ¼ 19, P ¼ 0.0033, respectively). Palmitoleic acid was also significantly more abundant in larvae than in pupae (F ¼ 16.09, df 1 ¼ 1, df 2 ¼ 19, P ¼ 0.0007). The content of palmitic and linoleic acids did not differ significantly between larvae and pupae of T. molitor (Fig. 3) . Linolenic and arachidonic acids were below detectable levels in pupae; therefore, pupal polyunsaturated fat was almost exclusively linoleic acid.
The total dry weight sugar content (percentage) was not significantly different between pupae and larvae of T. molitor (Table 3) . However, the sugar profile of larvae and pupae showed some significant differences (Fig. 4) . Larvae had significantly more fructose (9.49 6 2 mg/g) than pupae (5.02 6 1.9 mg/g; F ¼ 12.99, df ¼ 8, P ¼ 0.0069), but pupae had more galactose (0.11 6 0.03 mg/g), glucosamine (0.57 6 0.18 mg/g), glucose (0.07 6 0.02 mg/g), mannose (2.55 6 1.19 mg/g), and trehalose (0.06 6 0.04 mg/g) than larvae (0.04 6 0.01, 0.17 6 0.04, 0.04 6 0.01, 0.69 6 0.06, and 0.006 6 0.003 mg/g, respectively; F ¼ 26. 4, 23.13, 5.97, 12.09, and 9.83; df ¼ 8, P ¼ 0.0009, 0.0013, 0.0403, 0.0084, and 0.0139, respectively; Fig. 4) . Ratios of lipid, protein, and sugars calculated as described by Morales-Ramos et al. (2014) were different between larvae and pupae of T. molitor. Pupae were more protein-biased and larvae more lipid-biased. These differences were more prominent when only soluble protein was included as opposed to total protein (Fig. 5) .
Discussion
Both larvae and pupae of T. molitor are readily accessible as a food source for P. maculiventris. Neither presents a challenge to the predator for capture and ingestion. That leaves only a few possibilities as to why the pupal stage can be a better nutrient source than the larval stage. The presence of prey food in the gut of the larvae, differences in the quantities of specific compounds (protein, lipid, and sugars), or the ratio of those compounds are among the few likely differences to account for the improvements observed when reared on the pupal stage.
We present here our findings that P. maculiventris nymphal and adult development, when reared on yellow mealworm pupae, was significantly improved over those reared on larvae of the same prey species. Adult weight (both male and female) and net reproductive performance of P. maculiventris were also significantly greater when reared on pupal prey compared with those reared on larval prey. De Clercq et al. (1998) observed a significantly shorter development time in P. maculiventris nymphs feeding on pupae as compared with nymphs feeding on larvae of T. molitor, but adult weight was unaffected by the prey life stage. The results obtained by De Clercq et al. (1998) differed from the results of the present study, as they did not observe differences in P. maculiventris fecundity feeding on larva or a Larval age expressed as instar prior to pupation (P-I) pupae of T. molitor. Although De Clercq et al. (1998) did not report the age of the pupae used in their study, one possible explanation for this discrepancy may be the potential effect of pupal age of T. molitor on its nutritional content. In this study, T. molitor pupae 2-d-old or younger did not differ from larvae in the content of soluble protein, but 4-d-old pupae had nearly twice the amount of soluble protein as larvae (Table 4) . Nutritive differences between the pupal and larval stages of the prey are the most probable factors that contribute to the variations in development and fecundity. The required ratios of lipid, protein, and digestible carbohydrate in a predator species may be impacted (through natural selection) by the nutrient content in their preferred prey items, and therefore, the optimal nutrient ratios for growth and reproduction may be species-specific ). However, non-nutritive factors could contribute to the differences we observed. For example, surface texture and tissue compartmentalization may vary between the larval and pupal stages. This study did not measure physical (e.g., cuticle) or other non-nutritive (e.g., completeness of consumption) factors. However, predatory pentatomids are known for their competence at host digestion (Cohen 1995) . For example, the congeneric P. nigrispinus has been shown to disrupt host tissue with a battery of enzymes and stylet penetration followed by withdrawal of tissue fragments into the midgut for completion of digestion by enzymes present in the lumen of the mid gut (Fialho et al. 2012) . Thus, the piercing-sucking mouth parts, the extra-oral method of digestion, and the ease with which P. maculiventris consumed both larval and pupal prey diminish the significance of physical and non-nutritive factors. Further, there remains the possibility that food content in the gut of the larvae could confound the results by having a negative effect (e.g., allelochemicals such as plant phytotoxins), or by contributing to the nutrient calculations when the plant compounds may not provide any nutrient benefit to P. maculiventris. However, we conclude that superior performance when reared on pupae was likely the result of improved nutrient value, as the ratios of lipid, protein, and sugars were different between larva and pupae. In particular, our results suggest that a higher protein content, lower overall lipid content, and lower polyunsaturated fatty acids of the pupal stage compared with the larval stage were more beneficial for development and fecundity of P. maculiventris. Future studies will focus on gene expression of P. maculiventris to more directly and conclusively link nutritional differences between larvae and pupae of T. molitor with predator development.
The implications of this study in relation to improving massrearing of P. maculiventris are significant. Lepidopteran larvae are often reported as a food source when rearing P. maculiventris (De Clercq et al. 2014) . The results reported here would lend support to comparing the fitness metrics for P. maculiventris reared on T. molitor larvae and pupae with that of lepidopteran larvae. For example, the costs of mass-producing T. molitor are likely to be much lower in comparison with those of producing the conventional lepidopteran prey species used to rear this predator. Rearing procedures of lepidopteran species are much more complicated and the diets more expensive (Singh and Moore 1985) . For instance, diets for rearing T. ni are based on pinto beans, wheat flour, wheat germ, torula yeast, and casein, which must be mixed with agar and complex vitamin solutions (Leppla et al. 1984 , Guy et al. 1985 . T. molitor requires only wheat bran and small percentages of dry potato, which can be dispensed directly without any further preparation (MoralesRamos et al. 2011a (MoralesRamos et al. , 2012 . Another advantage of T. molitor is its world-wide commercial availability (van Huis et al. 2014) . The use of pupa instead of larvae as prey for P. maculiventris, however, requires one additional step: separating pupae from last-instar larvae. The process of separating pupae from larvae will add labor to the costs of T. molitor production for predatory bug rearing, but this process can be easily mechanized (Morales-Ramos et al. 2011b ). Other potential disadvantage of using pupae is the shorter period T. molitor remains in the pupal stage (7-8 d at 26-28 C) as compared with larvae (6-9 mo at the same conditions; Morales-Ramos et al. 2010) . However, the pupae of T. molitor can be maintained alive and acceptable, as P. maculiventris prey for more than 40 d if kept at 15 C (J.A.M.-R. unpublished data). The use of T. molitor pupae has the potential to greatly simplify and improve the rearing of P. maculiventris, and possibly of other pentatomid predators with similar nutritional requirements.
